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ABSTRACT 
THE SITE OF PROTONATION OF A DISTORTED BICYCLIC LACTAM: 
NITROGEN VS. OXYGEN 
By 
Brian T. Sliter 
University of New Hampshire, December, 2011. 
Protonation of typical unstrained amides and lactams is favored at oxygen. 
Protonation of highly distorted lactams such as l-azabicyclo[2.2.2]octan-2-one is favored 
at nitrogen. Density function theory calculations at the B3LYP/6-31G* level, as well as 
QCISD(T)/6-31G* calculations, predict that l-azabicyclo[3.3.1]nonan-2-one favors 
protonation at nitrogen only very slightly (<2.0 kcal/mol; "gas phase") over protonation 
at oxygen. H and C NMR as well as ultraviolet (UV) studies of this lactam, confirm the 
lactam is primarily protonated at the nitrogen. Experimental spectra clearly support the 
N-protonated boat-chair, in contrast the calculations show the N-protonated chair-chair 
conformation is lower in energy. Broadened resonances in the 13C NMR spectrum 
suggest an exchange phenomenon. Variable-temperature studies of the C NMR spectra 
support dynamic exchange between the major tautomer (N-protonated) and the minor 
tautomer (O-protonated) in a roughly 4:1 mixture. 
IX 
INTRODUCTION 
Unstrained amides, such as N,N-dimethylacetamide, favor oxygen protonation 
and alkylation due to the overlap of the pi orbitals on the carbon and the lone pair of 
electrons on the nitrogen. This is depicted by the three resonance contributors (1A-1C) 
displayed in Figure 1. 
e e 
H3CAN:.C H3 H3rA:.C H3" " H3CANeCH3 
CH3 CH3 1 C CH3 
1A 1B 1 U 
Figure 1: Three resonance structures of N,N-dimethylacetamide, an unstrained planar 
amide. 
Nitrogen protonation can occur on a lactam if the amide linkage is sufficiently 
distorted. This distortion can occur from twisting around the amide linkage and/or 
pyramidalization at nitrogen1 which can result in a change of chemistry.2 When the amide 
linkage is locked in a position with sufficient distortion, the pi orbitals on the carbonyl 
group do not fully overlap with the lone pair of electrons on the nitrogen. With decreased 
overlap, the resonance energy associated with the lactam is decreased and nitrogen 
protonation/alkylation will occur if distortion is severe enough.3"7 Figure 2 demonstrates 
the isodesmic comparison of calculated total energies employed to calculate resonance 
energies. For example, if the calculated total energy of 2 is lower than the calculated total 
energy of the corresponding amine and ketone (without the extra hydrocarbons), this 
difference is equated to the resonance stabilization. 
1 
/ / 
0=° = c!> + O o - O 
2 
3Bc 
Figure 2: Isodesmic comparison of N-methyl-2-pyrrolidone (2) and 1-
azabicyclo[3.3.1 ]nonan-2-one (3BC)-
The stabilization (resonance) energy for N-methyl-2-pyrrolidone (2) is calculated 
to be 21.3 kcal/mol and the stabilization energy for the l-azabicyclo[3.3.1]nonan-2-one 
(3BC> where BC refers to the boat-chair conformation) is 14.1 kcal/mol. This shows that 
the bicyclic lactam has almost 40% of the resonance energy of the planar lactam. 
The peptide bond is an amide linkage. It is formed when an amino group of one 
amino acid is covalently bonded to a carboxyl group of another amino acid. Proteins are 
created by two or more peptides joining together forming more amide bonds. Although 
the peptide linkage is usually planar, protein folding may include some twisting around 
the amide linkage. Proteolytic enzymes cleave proteins at the peptide linkage. The 
binding step is likely to involve significant distortion of the peptide linkage. The protein 
folding process may have as its rate-determining step, isomerization of a peptidyl prolyl 
linkage from cis to trans.8 The transition state is considered to involve an orthogonal 
peptide linkage.8 
2 
The derivatives of the lactam, l-azabicyclo[2.2.2]octan-2-one ("2-quinuclidone"), 
are extremely susceptible to hydrolysis due to the orthogonal relationship of the lone pair 
of electrons on the nitrogen and the pi orbitals on the carbonyl carbon.3 This lactam may 
furnish a model for the transition state for cis-trans peptidyl proline isomerization. 
Protonation of 2-quinuclidone occurs on nitrogen rather than the oxygen (see later 
discussion) as in unstrained amides and lactams. Blackburn and co-workers3d found that 
hydrolysis reactivity is greatly affected by the lactams' angular and torsional strain. 
Brown et al.4 found that highly distorted lactams undergo hydrolyses in neutral aqueous 
conditions. There are several factors which will determine the site of protonation of a 
lactam in which the amide bond is under distortion. These factors dictate that 1 -
azabicyclo[3.3.2]decan-2-one will undergo O-protonation and methylation,while 1-
azabicyclo[3.2.2]nonan-2-one will be protonated/ methylated on the nitrogen (see later 
discussion).9 
"Cis-trans isomerization in X-Pro peptide groups is one of the rate-determining 
steps in protein folding"8*5 and altering the dihedral angle of a peptide bond can change 
the conformational folding kinetics. The geometry of the amide plays an important role in 
determining the site of protonation of a distorted amide bond. 
P-Lactam antibacterial agents include an amide bond in a four-membered ring. 
This ring system can cause angle strain in the molecule which also prevents the molecule 
from being planar.10 Among the P-lactams, the penicillin series binds to the enzyme (DD-
transpeptidase) by initial noncovalent bonding, followed by covalent bonding through the 
broken p-lactam linkage and finally detachment of the ligand from the receptor. The 
3 
enzyme will then hydrolyze the cell wall of the bacteria, stopping the proliferation of the 
bacteria. 
Mujika et al.n studied distorted amide hydrolysis because it is often used as a 
model for the cleavage of peptide bonds. The researchers' gas phase calculations showed 
nitrogen protonation is favored on twisted amides and were consistent with earlier 
published work.6a'b These data were used to determine that there are differences in the 
hydrolysis mechanism of a twisted amide depending on the pH of the medium. It was 
concluded that a stepwise mechanism is favored when the strained amide is in acidic or 
alkaline conditions and concerted for neutral hydrolysis.11 Autocatalytic proteolysis (an 
intramolecular reaction in which a peptide chain is cleaved), has a rate-limiting step that 
is dependent upon pH. Most protein auto-processing reactions undergo the nitrogen to 
oxygen shift of a peptide amide to form an ester (Figure 3). For folded proteins, this does 
not take place under neutral conditions, where the reverse oxygen to nitrogen shift 
occurs.12 
H 2-.CttPHz H^H H H 
T . T®K ^ (®$4- - H 
OH OH ^ ^ H2N—gV H 2 N — V O n O 
Figure 3: Partial mechanism of N->0 acyl shift under acidic conditions. 
Ab initio calculations predict that unstrained lactams and amides favor O-
protonation over N-protonation.13 Calculations show that N-methyl-2-pyrrolidone (2, 
Scheme 1) is favored to be protonated on oxygen by -15 kcal/mol (4 more stable than 5). 
The calculation was performed at the 6-3 IG* basis set with zero-point energy (ZPE) and 
thermal energy corrections. The results of more recent calculations using different basis 







Table 1: Differences in Total Energies in kcal/mol (without Zero Point Energy and 
Thermal Corrections) for N vs. O Protonation of three lactams (Negative values favor 

























This is logical because N-methyl-2-pyrrolidone is virtually planar, which allows 
excellent overlap of the lone pair of electrons on the nitrogen and the pi orbital of the 
carbonyl. Three resonance structures (2A-2C) can be drawn to represent N-methyl-2-













In contrast to the properties of N-methyl-2-pyrrolidone, 1-
azabicyclo[2.2.2]ocatan-2-one (6, scheme 3) is known to protonate on nitrogen.4'5 This is 
because the lone pair on nitrogen is orthogonal to the pi orbital of the carbonyl, 
eliminating the resonance contributor analogous to 2B. This decreases the number of 
resonance structures from three to two, the two major contributors are 6A and 6C, 
analogous to 2A and 2C. 
Scheme 3 
O O 
6A 6 C 
According to calculations (Table 1) lactam (6) is favored to protonate on the 
nitrogen by ~23 kcal/mol.6 
Scheme 4 
"OH o H b 
8 6 7 
Lactams 2 and 6 are calculated to be at opposite ends of the spectrum of N vs. O-
protonation. However the calculations show (Table 1) that l-azabicyclo[3.3.1]nonan-2-
one favors protonation on nitrogen over protonation on oxygen by only 0.7-3.1 kcal/mol. 
The lactam, l-azabicyclo[3.2.2]nonan-2-one, is predicted to favor protonation on 
the nitrogen by 9 kcal/mol, to yield 9. In contrast, calculations predict that, 1-
6 
azabicyclo[3.3.2]decan-2-one favors oxygen protonation by 7 kcal/mol6 to yield 10. 
Other calculations, including aqueous solvation using the polarizable continuum model 
(PCM), change the energies only very slightly further favoring the nitrogen as the site of 
protonation.14 The calculated free energy differences, performed at the B3PW91/6-
31+G*: [AGN-Prot. - AGo-prot.] predict: a) N-protonated l-azabicyclo[2.2.2]octan-2-one (7) 
[-19.7 kcal/mol (gas phase); -21.0 kcal/mol (aqueous)]; b) N-protonated 1-
azabicyclo[3.2.2]nonan-2-one (9) [-4.8 kcal/mol (gas phase); -5.9 kcal/mol (aqueous)]; 
and c) O-protonated N-methyl-4-methyl-2-piperidone (11) [+16.2 kcal/mol (gas phase); 
+14.0 kcal/mol (aqueous)].14 
Scheme 5 
<? H H 0 
10 9 
Earlier calculations predicted that l-azabicyclo[3.3.1]nonan-2-one (3BC) will 
favor N-protonation over O-protonation by 1.4 kcal/mol6 while the more recent 
calculations listed in Table 1 predict 0.7-3.1 kcal/mol. When aqueous solvation is taken 
into account, the energy difference favoring N-protonation increases by 1-2 kcal/mol.6 
Even with the increase in energy differences the N-protonated and O-protonated 




Winkler-Dunitz parametersla are used to determine the amount of distortion 
present in an amide/lactam linkage. The magnitude of rotation around the carbonyl 
carbon and the nitrogen bond is expressed as x where X=1/2(G>I+CO2) where |©I-G>2|<TC. 
Pyramidalization of the carbonyl carbon (xc) as well as the nitrogen (XN) are expressed 
as: xc=c»i-K)3+7t=-ro2+co4+7t and XN=<B2-c)3+7r=-(Oi+co4+7i.1 Winkler-Dunitz parameters for 
three lactams of interest in this study are listed in Table 2. 





























The calculated Winkler-Dunitz amide distortion parameters1 in the neutral 3.3.1 
lactam (3BC) are: x (19.8°); XN (49.7°); xc (7.2°). These values are all 0.0° for a lactam that 
is perfectly planar. Another measure of N pyramidalization is obtained by summing the 
values of the C-N-C angles: the 3.3.1 lactam is 340.5°; for a perfectly planar molecule (2) 
8 
360.0°, and for a molecule where the nitrogen is perfectly tetrahedral ~ 328.5°. Here is 
another example of the 3.3.1 lactam lying in the middle between extremes. The calculated 
data, listed in Table 1 and 2 suggest the utility of investigating this molecule 






i 9 Werstiuk et al proposed that distorted bridgehead lactams, in which the highest 
occupied molecular orbital (HOMO) corresponds to the nitrogen lone pair (nN), will 
protonate on the nitrogen, if the no is the HOMO then the protonation will occur on the 
oxygen. The study done on the 3.3.1 lactam will also furnish a test of these investigators' 
predictions. 
The study of l-azabicyclo[3.3.1]nonan-2-one reported here involves the initial 
synthesis and purification of this lactam. The lactam is then studied in a variety of strong 
acid media, including trifluoroacetic acid (TFA, CF3COOH), concentrated sulfuric acid 
(H2SO4), H2SO4 in TFA, trifluoromethylsulfonic acid (CF3SO3H), and 25% "magic acid" 
(FS03H/SbF5). Upon protonation, the lactam is studied using •H-NMR and 13C-NMR 
(including variable temperature), NOESY, and UV spectroscopy. These results are then 
compared to the computational data which also include: total energies, free energies, 
molecular orbital energies, UV spectra and calculated chemical shifts. The goal of the 
9 
study is to determine the site of protonation, the conformation(s) of the protonated 
tautomer(s) and, if accessible, the equilibrium distribution of the tautomers. 
RESULTS AND DISCUSSION 
A. Synthesis and NMR Spectra of l-Azabicyclo[3.3. lJnonan-2-one 
l-Azabicyclo[3.3.1]nonan-2-one15 (3Bc)was first synthesized by Hall et al. in 
1980.15c The lactam was made by drying the amino acid under vacuum followed by 
sublimation using a Kugelrohr oven.15c The researchers were not successful at 
synthesizing 3BC by first making the amino acyl chloride hydrochloride and using 
triethylamine to form the strained bicyclic lactam.150 This very standard method for 
making amides had been successful for the much more highly strained 2-quinuclidone 
series;3 it remains unclear why this route fails for 3BC- Scheme 8 depicts the successful 
route pioneered by Kitbunnadaj151 and employed in the present study, to produce 3BC in 

























Trans-3-(3-Pyridyl)acrylic acid was hydrogenated to form 3-(3-
1 1 % 
piperidyl)propionic acid, ( H- and C-NMR spectra are located in the Appendix, p. 55-
56). This amino acid was then cyclized to form the l-azabicyclo[3.3.1]nonan-2-one (3BC) 








































Scheme 9 depicts the proposed mechanism of the formation of the 3.3.1 lactam 
employing di(n-butyl)tin oxide. It is interesting to note, the last intermediate (12) formed 
before the final deprotonation to form 3 is the very structure that will be investigated in 
the research reported here. 
The 1H- and 13C-NMR spectra of the 3.3.1 lactam in strong acid (located in the 
Appendix, p. 59-60) were measured and analyzed. Prior ^-NMR studies15 posed 
challenging assignments due to the complex nature of the upfield peaks. Scheme 10 is a 
drawing of 12Bc where all of the hydrogens have been labeled.The proton NMR data for 
both the experimental and calculated chemical shifts are listed in Table 3. The calculated 




Table 3: Comparison between calculated (B3LYP/6-31G*) and experimental ^-NMR 











































a. The chemical shifts were assigned with the aid of NOES Y and can be 
compared with the chemical shifts reported by Brehm et al.15 
14 
Initially, Shaw15a reported l-azabicyclo[3.3.1]nonan-2-one as the chair-chair 
conformer. Subsequently, Buchanan15d studied the W-type coupling of 9Hfp with 8Heq as 
well as 6Heq in 5-phenyl-l-azabicyclo[3.3.1]nonan-2-one and was able to assign the 
structure as a boat-chair conformer due to the lack of W-type coupling with the proton on 
carbon 4. This is pertinent to the present study because, as will be noted later, the same 
coupling pattern observed in the !H NMR of the 3.3.1 lactam was also observed in the 
protonated lactam (see the Appendix, p. 59, and Discussion). The boat-chair 
conformation was further supported by an X-ray crystallo graphic study.15e This is 
consistant with the widely accepted amide-alkene analogy1'2 in which the chair/chair 
conformer would most likely mirror a very strained trans-cyclohexene and the boat/chair 
conformer would mirror a less strained trans-cyclooctene. Many of the chemical shift 
assignments (Table 3) for the !H-NMR spectrum were made using a NOESY 
spectroscopic study. The boat/chair conformer was verified by the NOESY interaction 
between 9Hfp and 3Hfp (calculated distance of 2.177A). The W-type coupling is apparent 
in the NOESY spectrum, of the 3.3.1 lactam and the protonated species. 
15 
Table 4: Comparison between calculated (B3LYP/6-31G*) and experimental ^-NMR 




























a. These may be compared to the chemical shifts assigned by Brehm et ali5h which 
definitively assigned the 29.7 ppm resonance to the methine carbon C5. 
b. The calculated 13C chemical shift for the carbonyl carbon is —14 ppm upfield 
compared to the experimental data. This is further discussed later in the thesis. 
Scheme 11 
h fa, far fa. 
3BC 12B C 12CC 13BC 
The lowest energy calculated conformation for l-azabicyclo[3.3.1]nonan-2-one (3BC) is 
shown in scheme 11. 
16 
B. Studies of Protonated 1 -Azabicyclo[3.3. lJnonan-2-one 
1. Computational 
Scheme 11 also shows the lowest calculated energy conformations for the 
lactam's O-protonated conjugate acid (13Bc) and the two N-protonated tautomers (12Bc 
and 12Cc)- When naming these conformations, "B" and "C" stand for boat and chair 
respectively. The calculations were performed using the B3LYP/6-31G* level of theory. 
Table 4 lists the calculated relative total energies, relative total energies (including ZPE 
and thermal corrections), relative total energies in aqueous solution, and relative free 
energies. Another set of calculations performed at the QCISD(T)/6-31G* level using the 
DFT-optimized geometries were made for the three protonated molecules. The single 
point calculations coincide with all of the other predictions that N-protonation is favored 
over O-protonation.6 The calculation also predicts that the most stable conformation for 
the N-protonated lactam is the chair/chair conformation, favored by 0.7 kcal/mol. As 
discussed later, the :H NMR evidence is consistent with the boat-chair conformer.The N-
CO bond in 12Bc is calculated to lengthen relative to that of the planar N-methly-2-
pyrrolidone (1.398A vs. 1.374A). The calculation predicts little change in the carbonyl 
double bond (1.222A vs. 1.221 A). The inverse is predicted upon O-protonation. The 
conjugate acid is calculated to have a N-CO bond shortening to 1.312A and the carbonyl 
double bond lengthens to 1.317A. This is in accordance with earlier studies 6b where 
protonation at nitrogen (e.g. 12BC) is calculated to lengthen the N-CO bond to 1.581 A 
and shorten the C=0 bond to 1.187A. 
17 
Table 5: Total Energies 
B3LYP/6-31G* QCISD(T)/6-31G* 
Protonated AETa AET[Corr]b AAGC AET(aq.)d AETd 
Structure 
12 c c 0.00 0.00 0.00 0.00 0.00 
12BC +0.28 +0.36 +0.71 +0.13 +0.71 
13BC +0.40 +0.43 +1.38 +5.03 +2.04 
a. Relative (uncorrected) total energies (AET) 
b. relative total energies (corrected) including ZPE and thermal corrections, 
(AET[Corr]) 
c. relative free energies (AAG) for optimized B3LYP/6-31G* structures (gas phase) 
d. relative total energies for solvent continuum (aqueous) B3LYP/6-31G* structures, 
as well as relative energies (AET) for single point QCISD(T)/6-31G* calculations 
(all values are in kcal/mol). 
C. NMR Studies in Acidic Media: Experimental and Computational Results 
The first attempt at protonating l-azabicyclo[3.3.1]nonan-2-one was made by 
dissolving the lactam in deuterated trifluoroacetic acid (pKa = 0.52).16 The resulting rH-
and 13C-NMR showed no change in the chemical shifts when compared to the the NMR 
spectra of the unprotonated species. This acid clearly is not strong enough to protonate a 
18 
planar, unstrained lactam such as N-methyl-2-pyrrolidone (pKa = -0.75).1? However, 9, is 
strained and with pyramidalization of nitrogen and twisting along the amide linkage, it 
appeared possible that TFA might be strong enough. An earlier computational study on 
the gas-phase proton affinity (PA) of l-azabicyclo[3.3.1]nonan-2-one predicted that the 
3.3.1 lactam has a slightly higher value than that of N-methyl-2-pyrrolidone [difference = 
0.9 kcal/mol (6-31G*); 0.5 kcal/mol (6-31G*, with unsealed ZPE and thermal 
corrections]. The gas phase calculations performed for this study (B3LYP/6-31G* 
including the corrections for ZPE and thermal) predict the PA for N-methyl-2-
1 8 
pyrrolidone is 218.3 kcal/mol, (experimental: 220.7 kcal/mol). The corresponding DFT 
calculated energies for 12Cc and 12Bc are 220.2 kcal/mol and 219.8 kcal/mol 
respectively. With the calculations predicting a higher PA in both conformers than in the 
planar lactam, it was reasonable to believe that TFA would protonate 12Bc- However, the 
experimental results demonstrated that a stronger acid must be used for the protonation. 
D2SO4 was the acid used to "protonate" (really deuterate) the 3.3.1 lactam 
because it is ~40,000 times more acidic than trifluoroacetic acid. The initial 13C-NMR 
showed signs of protonation, however, TMS could not be used as an internal standard due 
to insufficient solubility. This inspired the use of TFA as a chemical shift standard. All of 
the 13C-NMR spectra, of the protonated species, in this thesis have TFA-d as the internal 
standard because of the two quartets that appear at 164.2 ppm and 116.6 ppm.19 These 
two quartets do not overlap any of the carbon peaks of the 3.3.1 lactam and the distance 
between the two quartets remains a constant 47ppm apart. TFA-d was also used as a 
reference for ^-NMR spectra because the chemical shift of the hydrogen was at 11.5 
19 
ppm which is well downfield from any of the proton chemical shifts of 1-
azabicyclo[3.3.1 ]nonan-2-one. 
Table 6: * H-NMR chemical shifts of 12Bc (experimental) and calculated shifts 
(B3LYP/6-31G*) of 12Bc, 12Cc and 13Bc. 
12Bc (major) 12Bc 12Cc 13Bc 
Proton EXPT CALCD CALCD CALCD 
3Hfp 2.90-3.10 2.97 3.33 (3Heq) 2.70 
3Heq 2.9-3.1 3.15 3.16 (3Hax) 3.13 
4Hax 1.7-2.0 2.07 2.50 1.85 
4Heq 2.5-2.7 2.69 2.35 2.84 
5H 2.5-2.7 2.57 2.30 2.95 
6Hax 1.7-2.0 2.03 2.24 2.17 
6Heq 1.7-2.0 2.04 2.28 1.83 
7Hax 1.7-2.0 2.07 2.24 1.98 
7Heq 1.7-2.0 2.03 2.25 1.94 
8Hax 3.51 3.35 3.56 3.70 
8Heq 4.05 4.09 3.73 3.83 
9Hfp 3.80 3.73 3.79 (9Hax) 3.42 
9Hax 3.61 3.49 3.61 3.49 
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Table 6 compares the experimental chemical shifts with the calculated chemical 
shifts of the two tautomers as well as the O-protonated species. The :H-NMR experiment 
was performed with the use of approximately equimolar amounts of 3BC and H2SO4 
dissolved in TFA-d solution. The spectrum shows that the proton resonances are found in 
five groups: an upfield group between 3.5-4.1 ppm due to CH-N protons (4H); a multiplet 
between 2.9-3.1 ppm assigned to the CO-CH protons (2H); a multiplet between 2.5-2.7 
ppm (2H); a multiplet between 1.8-2.0 ppm (3H) and a multiplet between 1.7-1.8 ppm 
(2H). The resulting :H-NMR spectrum is located in the Appendix, p. 59. The 13C-NMR 
data (see Table 6 as well as the resulting spectrum in the Appendix, p. 60) clearly 
supports N-protonation as the major product. This conclusion is also consistent with the 
!H-NMR spectrum. Calculations predict O-protonation will be characterized by four 
protons between 2.70-3.13 ppm, a single proton at 2.17 ppm and four protons in the range 
of 1.85-1.95 ppm. For the two N-protonated tautomers, calculations predict three protons 
well-separated from the seven remaining higher-field protons. There is a similarity of the 
four proton chemical shifts (8Heq, 9Hfp, 9Hax, 8Hax) of the unprotonated parent lactam and 
that of 12BC- If the chair/chair conformer was the major product, then one would expect 
to see long range coupling (W-type) between 9 ^ and 4Heq.15d The NOESY (see the 
Appendix, p. 72) also does not confirm this interaction. 
21 
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Table 7: The experimental C shifts of 12Bc as well as the calculated C chemical shifts 
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a. With the exception of C2, the assignments of 13C chemical shifts to specific 
carbons are approximate, based upon comparison with calculated values, and are 
discussed further in the text (v br= very broad; si br = slightly broad; v si br = very 
slightly broad) 
b. Calculated and experimental results for 12Bc and for 7 and 2 (Table 7) suggest that 
calculated C=0 chemical shifts for related species should be corrected by adding 12-
14 ppm. 
c. Calculated and experimental results for 4 (Table 7) suggest that calculated C=0 
chemical shifts for related species should be corrected by adding 10-14 ppm to ca 
191-192 ppm. Comparison of calculated chemical shifts for 12Bc and 13Bc (see later 
discussion) suggests ca 14 ppm correction to 194 ppm. 
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Table 7 compares the C calculated chemical shifts of 12BC, 12CC, and 13BC as well 
as the experimental chemical shifts of the protonated 3.3.1 lactam. The calculations were 
performed at the B3LYP/6-3 IG* level of theory and were adequate in the prediction of 
the chemical shifts with the exception of the carbonyl carbon (C2) for which the 
calculated value is ~14 ppm upfield of the experimental value. This discrepancy was also 
observed when the calculated 13C chemical shifts of N-methyl-2-pyrrolidone were 
compared to the experimental chemical shifts (see Table 7). N-methyl-2-pyrrolidone 
protonates exclusively on the oxygen, the calculated values are roughly 10 ppm 
downfield from the true experimental value.20 
The analysis on the C-NMR spectra of 12Bc shows an upfield shift of the 
carbonyl carbon. The carbonyl carbon peak of the parent lactam is at 185 ppm and the 
protonated species shifts to ~182.5 ppm. This peak has also broadened as are the peaks at 
27.5, 25.5, and 20.5 ppm. The upfield shift (upon factoring in the 14 ppm correction) 
seems to be consistent with the calculated values for 12Bc and 12cc- Applying the same 
correction to the calculated value of C2 for the O-protonated species puts the peak at 
roughly 195 ppm. An upfield shift of the carbonyl carbon, seemed counter-intuitive at 
first; however, it does fall in line with work done by other researchers. 7c 
Scheme 12 
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Scheme 12 shows an annelated [4.3.1] system (14), synthesized by Aube and co-
workers,70 which also has significantly reduced resonance stabilization. The experimental 
carbonyl carbon chemical shift for this molecule is 188.7 ppm.7c The scheme also shows 
the N-protonated lactam (15) is observed to be more stable than the O-protonated species. 
The experimental carbonyl carbon chemical shift is 177.3 ppm which would denote an 
upfield shift upon N-protonation; Aube was also able to provide crystallo graphic proof of 
N-protonation using the tetrafluoroborate salt.70 Our calculations of 1-
azabicyclo[4.3.1]decan-10-one, a compound having the main features of 14, as well as its 
N-protonated and O-protonated derivatives, predict N-protonation over O-protoriation by 
7.9 kcal/mol. These calculations were done at the B3LYP/6-31G* level of theory and 
reported for the most stable conformers of each derivative. The calculated chemical shift 
of the carbonyl carbon in the N-protonated species is ~8ppm upfield from the neutral 
parent molecule: 166.3ppm and 174.2 ppm respectively. As previously mentioned, there 
is an approximately 14 ppm correction factor for these chemical shifts at the B3LYP/6-
31G* level of theory. The predicted difference of only 8 ppm for the 4.3.1 lactam is quite 
comparable to the difference between 14 and 15, which was 11-12 ppm. This upfield 
chemical shift is similarly observed when comparing the N-protonated lactam made by 
Tani and Stoltz5a for 7 (175.9 ppm) with that reported by Somayaji and Brown4a for 5,6-
benzo-l-azabicyclo[2.2.2]octan-2-one, where both were reported for CD3CN solutions. 
The comparison of the experimental and calculated shifts of the carbonyl carbon shows 
that for the unprotonated molecule, the predicted value is 182.0 ppm and the 
experimental is 192.3 ppm. The predicted chemical shift for the N-protonated species is 
185.4 ppm and the experimental is 175.9 ppm. This would mean an upfield shift of-20 
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ppm, (192.3 ppm to 175.9 ppm) which would be larger than that of ~11 ppm reported by 
Aube for compounds 14 and 15.7o 
Table 8: Calculated (B3LYP/6-31G*) and experimental 13C chemical shifts for N-methyl-
2-pyrrolidone (2) and its O-protonated salt (4), as well as calculated values for 1-
azabicyclo[2.2.2.]octan-2-one ("ABO") and calculated and experimental values for its N-
protonated salt (7).5 
2 2 4 4 ABO 7 7 
EXPT CALCD EXPT CALCD CALCD EXPT5 CALCD 
C2: 173.9 C2: 161 C2: 180.5 C2: 170.0 C2: 185.8a C2: 175.9 C2: 164.0 
C3: 28.6 C3: 29 C3: 34.7 C3: 32.6 C3: 40.9 C3: 40.1 C3: 39.1 
C4: 16.8 C4: 20 C4: 19.5 C4: 20.1 C4: 28.8 C4: 25.7 C4: 26.4 
C5: 48.5 C5: 48 C5: 57.0 C5: 56.2 C5/8:27.3 C5/8:22.7 C5/8: 24.3 
C6: 29.8 C6: 32 C6: 33.1 C3: 31.3 C6/7:46.1 C6/7:48.1 C6/7: 48.6 
a. Note that the experimental value for 5,6-benzo-l-azabicyclo[2.2.2]octan-2-one 
(ABO) is 192.3 ppm,4a whereas the calculated value (B3LYP/6-31G*) is 182.0 ppm. Use 
of this difference might suggest that the experimental value for ABO is 196 ppm. 
Table 8 provides experimental and calculated data for N-methyl-2-pyrrolidone, 2, 
and its O-protonated derivative, 4. The carbonyl carbons' chemical shift for compound 2 
is 173.9 ppm and is calculated to be 161 ppm. The same carbon shift for the O-protonated 
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species is 180.5 ppm and is calculated to be 170.0 ppm. This demonstrates that for a 
planar lactam, which will undergo O-protonation, the resulting 13C resonance of the 
carbonyl carbon will be shifted downfield. Calculations predict that for the N-protonated 
derivative of 2, the carbonyl carbon will shift to 166.2 ppm which would denote a 
downfield shift of 5-6 ppm. Further calculations predict that for another undistorted 
lactam, N,N-dimethylacetamide, the chemical shift will be 156.0 ppm and its N-
protonated derivative will be 162.9 ppm. These calculations predict the same downfield 
shift, there is no experimental data due to the fact that these molecules in question 
undergo O-protonation. This downfield shift that is observed in planar, undistorted 
lactams is the exact opposite of what is seen upon the protonation of twisted, distorted 
lactams. The 13C data of l-azabicyclo[3.3.1]nonan-2-one when compared to the 
experimental values of other lactams, see Table 7, show that the lactam in question is 
undergoing N-protonation. 
D. Ultraviolet Spectroscopy Analysis of Protonated Lactams 
Another useful approach in determining the site of protonation is ultraviolet (UV) 
spectroscopy. Protonation on nitrogen converts an allylic-type system to an N-H 
substituted ketone with the expectation that the n->7t* absorption will move to a longer 
wavelength, and the n-^n* transition will move to a much shorter wavelength.21 The UV 
spectra for 2-quinuclidone and its N-protonated derivative were reported by Pracejus and 
co-workers.30 This was very helpful for the present study because this molecule 
undergoes N-protonation making it essentially a ketone, due to the orthogonal linkage in 
the molecule. The n->rt* transitions in various methylated 2-quinuclidone species were 
found at higher wavelengths (236-237 nm)22 in cyclohexane. This is compared to 
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unstrained lactams which have an absorbance around 220 ° nm. The UV spectrum of the 
N-protonated hydrochloride of the 6,6,7-trimethyl derivative (in water) is reported to 
have a very broad absorption band ~220-280 nm and a pronounced blue shift of the 
7t->7i*band. Benedetti et al provided an X-ray crystallographic structure for the 
hydrochloride salt of N,N-dimethylacetamide (DMA),23 which demonstrates that the 
molecule protonates on oxygen. In solution, DMA hydrochloride experiences a blue shift 
of ~8 nm for the 7i->7t* transition, (200 nm to 192 nm)3° relative to the free base. This 
blue shift might in fact be up to 10 nm greater, if conection for solvent effects were 
included.24 The DMA hydrochloride is also characterized by weak bands at 315 nm and 
360 nm (in water), strongly resembling the spectrum observed in aqueous HC1.3° A claim 
































Figure 4: A) Ultraviolet spectrum of N-methyl-2-pyrrolidone in water; B) Ultraviolet 
spectrum of l-azabicyclo[3.3.1]nonan-2-one in water; C) Ultraviolet spectrum of N-
methyl-2-pyrrolidone in neat sulfuric acid; and D) Ultraviolet spectrum of 1-
azabicyclo[3.3.1]nonan-2-one in neat sulfuric acid (all concentrations were 0.00001M). 
The UV study presented for this thesis is consistent with N-protonation of 1-
azabicyclo[3.3.1]nonan-2-one rather than that of O-protonation. Figure 4 shows the UV 
spectrum of N-methyl-2-pyrrolidone in 100% water and in neat sulfuric acid. The figure 
also shows the resulting UV spectrum of l-azabicyclo[3.3.1]nonan-2-one in 100% water 
and in neat sulfuric acid. Figure 4A shows the UV spectrum of 2 in water. It is dominated 
by a large absorbance just below 200 nm, due to the 71->TT* transition. This is consistent 
with a previous study16h reporting Xmax for aqueous l-azabicyclo[3.3.1]nonan-2-one at 
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204 nm (s7900, Figure 4B), associated with the 7r->7t* transition which also has a slight 
shoulder that is due to its overlap of the n->7i* transition. The UV spectrum of protonated 
DMA is similar to the UV spectrum of protonated N-methyl-2-pyrrolidone (Figure 4C) 
reflecting O-protonation. The spectrum in question has weak absorptions at ca. 260 nm 
and 320 nm and a slight blue shift of the TI->7I* transition in a neat sulfuric acid solution. 
Figure 4D displays the UV spectrum of l-azabicyclo[3.3.1]nonan-2-one in neat sulfuric 
acid. The UV spectrum of the protonated lactam is much different from the protonated N-
methyl-2-pyrrolidone (Figure 4C). There appears to be a second 7r->7t* absorbance: the 
larger of the two peaks has undergone a blue shift and the other has slight red shift to 210 
nm. There also seems to be a small absorbance -320 nm. These differences in the two 
UV spectrum (Figure 4C and 4D) are consistent with a dominant change in the site of 
protonation from oxygen to nitrogen. The absorbance peak, ca 320 nm in Figure 4D, does 
suggest a minor amount of the O-protonated derivative in equilibrium with the N-
protonated species (although this minor quantity of 13BC would be difficult to distinguish 
using UV spectroscopy). 
In unstrained amides and lactams, the p-orbital of the planar nitrogen is the major 
contributor to the HOMO, which resembles \|/2 of the allylic system, sometimes termed 
7IN-25 The pyramidalization at the nitrogen is due in part to the twisting of the amide 
linkage115 and transformation of the nitrogen contribution (in 7tN) to a lone pair (n^.25 
Comparison of the experimental UV photoelectron spectrum with the computational 
results explains the first two bands of the spectrum of 12BC in terms of nN as the HOMO 
and n0 as HOMO-1.25 The results of the UV experiment are that the protonation occurs 
on the nitrogen and this is in accordance with predictions made by Werstiuk et al.9 
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E. Brief Summary of Conclusions of Protonation Site and Conformation 
The NMR data (both experimental and calculations) as well as the UV data prove 
that l-azabicyclo[3.3.1]nonan-2-one will undergo N-protonation as the dominate product. 
The question remains: which conformer will the molecule adopt? When the ^-NMR of 
the protonated species is compared to the ^-NMR of the parent, there are clear 
similarities in appearance between the four low-field CH-N protons. This hints at the idea 
that there is no conformational change from the parent to the protonated derivative, which 
would mean the dominate form would be boat/chair. To further support this possibility, 
the calculations predict the same order of chemical shifts for the four low-field CH-N 
protons as found experimentally. The calculations also predict the same pattern of two 
protons in the 2.50-2.70 ppm range and five upfield protons with very similar chemical 
shifts as found experimentally. As for 13C, the calculations and the experimental chemical 
shifts agree with 12Bc rather than 12 c c (Table 4). Calculations run at the B3LYP/6-31G* 
and QCISD(T) predict that 12 c c is slightly more stable than 12BC. 
F. Studies of the Broadened C Peaks 
The four broad 13C chemical shifts (Appendix, p. 60) suggest that there is a 
dynamic exchange process visible at ambient temperatures. This is observable because of 
the inherently larger range of 13C chemical shifts. The origin of this broadening could be 
exchange between the protonated and unprotonated species. Another possibility could be 
the exchange between monoprotonated and diprotonated lactam. A third possibility could 
be the exclusive presence of the monoprotonated lactam with exchange of the proton 
between nitrogen and oxygen. Although diprotonated urea has been experimentally 
observed in magic acid (FS03H-SbF5),26 there are no reports of a simple amide or a 
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lactam that undergoes protonation on both heteroatoms of the same linkage. The 
possibility of diprotonation was tested by dissolving l-azabicyclo[3.3.1]nonan-2-one in 
neat deuterated trifluorosulfonic (triflic) acid (TFSA-d). The resulting 13C spectrum (see 
the Appendix, p. 61) was studied and no significant changes were found in the chemical 
shifts, compared to that of the spectrum of the 331 lactam in H2SO4. This suggests that 
the broadened peaks are not because of a diprotonated species. In this case triflic acid was 
not acidic enough to diprotonate, so l-azabicyclo[3.3.1]nonan-2-one was dissolved in 
25% "magic acid" (4:1 FS03H/SbF5) and the *H and 13C-NMR spectra were acquired at 
ambient temperature. The resulting spectra (see Appendix, p. 62-67) showed complete 
decomposition of the lactam. Another possible explanation for the broad peaks is 
exchange between two or all three species (12BC, 12CC and a minor amount of 13BC)-
There are relatively small differences in the C chemical shifts between I IBC and l i ce 
(Table 4). The calculated energy of activation (B3LYP/6-31G*) for the inversion of the 
slightly flattened 12Cc to the slightly flattened 12BC is only 1.5 kcal/mol (1.7 kcal/mol 
aqueous)27, which rules out the rapid conformational process as an explanation for the 
broad 13C chemical shifts. 
A limited variable temperature study was performed to further investigate the 
peak broadening in the 13C-NMR of the protonated l-azabicyclo[3.3.1]nonan-2-one. This 
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Figure 5: Variable temperature (25 °C,0°C,-10oC and -15 °C) 13C-NMR (125 MHz) 
spectra (A,B,C and D respectively) for l-azabicyclo[3.3.1]nonan-2-one and roughly 
equimolar sulfuric acid in TFA-d. There was some hydrolysis of the lactam producing 
protonated 3-(3-piperidinyl)propionic acid, which supplemented TFA as an internal 
standard for chemical shift as well as line width. 
It is clear, from Figure 5 that at ambient temperature, there has been some 
hydrolysis that has occurred. The sulfuric acid (99.98% H2SO4) used for this experiment 
had been used for an extended period of time and at this point it had surely absorbed 
some moisture from the atmosphere. This water, in combination with the sulfuric acid, 
caused some limited ring opening in the 331 lactam, converting some of the lactam into 
protonated amino acid starting material. This turned out to be fortuitous because not only 
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is the TFA-d used as the internal standard, the sharp peaks from the ring opened starting 
material serve as a peak-width standard for non-exchanging resonances. Since the 
melting point of TFA-d is -15 °C and the goal of the study was to investigate the origin of 
the peak broadening, this is not a detailed kinetic study. The range of the study was 
limited to four temperatures: 25, 0, -10 and -15 °C. Instrument temperature settings were 
used rather than precise calibrations. 
A very significant change in the spectrum is apparent once the temperature is 
lowered to 0 °C. The most obvious is the carbonyl carbons chemical shift, present at 25 
°C, has disappeared into the baseline. Another change is the peak at -56 ppm, the higher 
field of the two sp3 carbons that flank the nitrogen, has broadened significantly. The peak 
at -27.5 ppm had disappeared into the baseline while the other two upfield peaks at 22.5 
and 20.5 ppm have broadened further. At -10 °C, the carbonyl carbon peak starts to 
emerge at -179 ppm. This peak becomes more prominent at -15 °C. At -15 °C, the 
chemical shift at 25.5 ppm appears to be experiencing coalescence. Table 4 displays 
experimental and calculated 13C chemical shifts, and from that table, one can see that the 
broadened peaks from the carbons which have the largest calculated chemical shift 
differences between 12BC and 13
 Bc-
More recently, Morgan and Greenberg investigated l-azabicyclo[3.3.1]nonan-2-
one in 40% H2SO4/60% CF3C02H at -40°C and at -30°C. 13C NMR peaks were observed 
at 179 ppm and (as predicted, see Figure 6 and corresponding discussion) at 194 ppm, 
conesponding to the carbonyl 13C chemical shifts at the N-protonated and to O-
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Figure 6. A-D: Expansion of low-field sections of variable-temperature 13C-NMR spectra 
from Figure 3 from 25 °C (A) to -15 °C (D) respectively. Figures 4E-4N depict simulated 
WinDNMR spectra that correspond to a 4:1 ratio of 12Bc and 13Bc, having carbonyl 
carbon chemical shifts of 179 ppm and 194 ppm (estimated) respectively, and calculated 
exchange rates (kAB + kBA, sec"1) as follows: E) 1 X 106; F) 5 X 105; G) 2 X 105; H) 1.2 X 
104; I) 5 X 103; J) 2 X 103; K) 1 X 103; L) 5 X 102; M) 1 X 102; N) 0 
The resonance at 182.5 ppm from the carbonyl carbon is of particular interest and 
Figure 6 A displays a magnified view of this broad peak. The re-emergence, following 
coalescence at 0°C, of this peak at 179 ppm at -10 °C is much more apparent at -15 °C 
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and corresponds to the N-protonated tautomer 12Bc- For comparison, the 13C chemical 
shift of the carbonyl carbon in 7 (-176 ppm) and 15 (-177 ppm) are very similar to that 
of 12Bc (—179 ppm), although both 7 and 15 are in acetonitrile rather than TFA. The 
calculations predict the difference between l-azabicyclo[3.3.1]nonan-2-one and 12Bc to 
be 4.1 ppm, this is close to the experimental difference of 6.0 ppm. This hints at the 
possibility of the downfield resonance corresponding to the O-protonated tautomer, 13Bc-
1 "X 
Table 4 displays the calculated C chemical shifts of 13Bc, the carbonyl carbons 
resonance is predicted to be around 194 ppm. An equilibrium mixture can is calculated to 
be roughly 4:1 (12BC>13BC)5 this was done by using a weighted average of chemical 
shifts. This could be a lower limit for this ratio simply because there is no discernible 
peak in the vicinity of 194 ppm at -15 °C. The carbonyl peak for 12Bc at 179 ppm at -15 
°C indicates that it is above the limit of detection (LD- often equated to signal/noise 
exceeding 3.0)28 but significantly below the limit of quantitation (LQ- often equated to 
signal/noise exceeding 10.0).28 Even at 20% of the equilibrium mixture, the O-protonated 
lactam would be below the LD at this exchange rate. (It must be noted that LQ and LD 
values could be increased by simply increasing the number of scans and time for 
obtaining the C NMR spectrum; this was impractical.) 
A simulation, using Reich's WinDNMR program,29 of the exchange of two 
singlets in a 4:1 ratio was performed (see Figure 6E-6N). The ratio was separated by 15 
ppm (179 and 194 ppm) and nicely reproduces key features of the experimental data; the 
20%o approximation places the time-averaged peak at 182 rather than 182.5 ppm, this was 
done for simplicity's sake. The simulation shows the total disappearance of the peak due 
to its broad coalescence at 0 °C (Figure 6H) and the emergence of the N-protonated 
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carbonyl carbon peak at 179 ppm, with no visible downfield O-protonated peak at 194 
ppm at this temperature or as low as -15 °C (Figures 6I-6L). The very approximate 
calculated exchange rates (kab + kba) are as follows: 200,000 sec"1 (25 °C) (Figure 6G); 
12,000 sec"1 (0 °C) (Figure 6H; this is most uncertain since there is a very wide range of 
rates (10,000 - 50,000 sec"1 corresponding to the disappearance of peaks at this very 
broad coalescence); 5,000 sec"1 (-10 °C) (Figure 61); 2,000 sec"1 (-15 °C) (Figure 6J). 
According to the simulations' prediction, the O-protonated peak at 194 ppm will only 
start to emerge from the baseline at a very slow exchange rate (< 500 sec"1, see Figure 
6L). 
At 0 °C, the coalescence is a result of the huge chemical shift difference (-15 
ppm) estimated for carbonyl carbons in two very different environments. The simulations 
(Figure 6E-6N) indicate this chemical shift difference is predicted to yield sharp peaks 
for the separated carbonyl resonances only at very low exchange rates. 
G. Possibility of the Presence of Hydrogen-Bonded Dimers 
During the investigation of the broadened C chemical shifts of 12Bc> the 
possibility of hydrogen-bonded dimers causing the exchange was examined. Using 
molecular models, it became apparent that the chair/chair conformer of the N-protonated 
tautomer was far better positioned than the boat/chair conformer. The dimer was 
optimized (B3LYP-6-31G*//3-21G) for the following derivative combinations, 
12BC/12BC, 12BC/12CC> and 12cc/12cc (each in an aqueous continuum) which led to 
12cc/12cc structures being most favorable. 
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Scheme 13: 
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Different combinations of R,R and R,S led to the prediction that 16 (R,S -12cc 
Scheme 12) would have the lowest energy, although the differences in energy were very 
minor. Structure 17, in an aqueous solution, has a total energy of 2.1 kcal/mol lower than 
that of the separated monomers in an aqueous continuum. However, the monomer, in an 
aqueous solution, will be favored by about 10 kcal/mol over the dimer because the dimer 
will experience losses in transitional and rotational entropy as well as the tight 
organizational order due to the two hydrogen bonds. The 13C chemical shifts of the dimer 
were calculated and predict the carbonyl carbon peak to be at 180.6 ppm. This calculation 
appears to agree with the experimental data, however, once the 15 ppm correction factor 
is applied, the chemical resonance should be between 190-195 ppm. There is no evidence 
in the experimental C-NMR (see Appendix, p. 60) to support this theory. 
2-Quinuclidium (7), in principle, can also form a doubly-hydrogen-bonded dimer 
(17) similar to the dimer 16 (see Scheme 12). The X-ray crystallographic data provided 
by Tani and Stoltz5a show in the crystal structure the hydrogen bonding apparent in the 
crystalline tetrafluoroborate involves N-H—F, proving that dimer 17 is not observed in 
the solid state. Calculations indicate that dimerization of the monomer in aqueous 
solution also conesponds to a virtually identical favorable change in total energy by -2.1 
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kcal/mol. However, the losses of translational and rotational freedom along the highly-
ordered dimer are factors which shift the favorability toward the monomer. The rate of 
exchange has been estimated for the transfer of the proton from the nitrogen to the 
oxygen, (however the kinetics of this process have not yet been researched). The rate of 
exchange would appear to be pseudo-first order (i.e. proton exchange between the 
monomer and solvent), the potential formation of dimer 16 as intermediates for exchange 
would be consistent with a process that would denote second-order kinetics for a 
monomer, characterized by a substantial negative entropy of activation. 
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CONCLUSIONS 
Experimentally, l-azabicyclo[3.3.1]nonan-2-one will protonate on the nitrogen 
which is in agreement with calculations for the gas phase and for aqueous solution. The 
most substantial evidence for this conclusion is the upfield C chemical shift of the 
carbonyl carbon. This resonance experiences an upfield shift upon protonation which is 
indicative of N-protonation. Calculations predict that the most stable conformer will be 
1 13 
the chair/chair however, experimental data ( H and C-NMR) support a boat/chair 
conformer in this substance. The comparison of the i H-NMR of the parent compound to 
that of 12Bc shows nearly identical coupling patterns of the four downfield protons. 
Conformational exchange between 12Bc and 12<x is calculated to be rapid (energy of 
activation < 2 kcal/mol) and the spectra show the dominant conformer to be 12Bc with 
little to any broadening of the chemical shifts due to the similarities in the lH and 13C-
NMR resonances of the two conformers. The C-NMR limited variable temperature 
study does show coalescence which is indicative of an exchange process. The exchange 
process taking place is between the N-protonated (12BC) and the O-protonated (13Bc) 
species in a rough 4:1 ratio, respectively. There is a large 13C chemical shift difference in 
the carbonyl carbon of 12Bc and 13Bc (~15 ppm), this difference is the reason for the the 
very broad downfield peak. 
N-methyl-2-pyrrolidone, in sulfuric acid, and the hydrochloride salt of N,N-
dimethylacetamide (X-ray crystallographic structure) are known to O-protonate. The UV 
spectrum of l-azabicyclo[3.3.1]nonan-2-one in sulfuric acid, when compared to the UV 
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spectra of N-methyl-2-pyrrolidone in the same solvent, shows a major difference at -210 
nm. The UV spectrum of the protonated 3.3.1 lactam has two n->n* absorptions and is 
consistent with the simultaneous presence of both N-protonated (major species) and O-
protonated tautomers. The simulated C dynamic NMR study and the predictions from 
the calculations also support this claim. This would demonstrate the first amide or lactam 
to have observable amounts of both N-protonated and O-protonated species in 
equilibrium. The UV study also supports the findings of Werstiuk et al.9h that the site of 
protonation of a twisted bridgehead lactam is determined by the HOMO (no or nN). 
Calculations show that a R,S dimer of 12Cc not only fits together beautifully, and 
in an aqueous solution it has a calculated total energy that is over 2 kcal/mol lower than 
the separated monomeric species. However, this theory had been disproven by not only 
Tani and Stoltz5a but by calculations performed on the dimers' free energy. The free 
energy of the dimer is considerably higher than that of the two monomers because of 
translational and rotational entropy and no evidence of the dimer was found in solution. 
2-Quinuclidonium, in principle, can form a dimer that is very similar to 16 (Scheme 13) 
and the energy calculations predict values that are nearly identical to the R,S-3.3.1 dimer. 
However the two researchers53 found no evidence of 17 in solution. The free energy of 
the dimer is considerably higher than that of the two monomers because of translational 
and rotational entropy and no evidence of the dimer was found in solution. The 
investigators found there is solid state hydrogen bonding taking place, but it is between 
the 2-quinuclidonium and the counter ion BF4.5a Any proton exchange process taking 
place is most likely between the monomer and the solvent. It is possible, although 
entropically-demanding, that a dimerization could allow a simultaneous exchange of two 
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N-hydrogen with two O-hydrogen. The possibility of this tautomerization between the O-
protonated and N-protonated species is a future project. 
Two more possible future projects could involve using SO2O) as a solvent system 
for a more detailed variable temperature study. The limited investigation done for this 
project provided insight as to the broadened 13C chemical shifts. However, with a solvent 
that has a much lower melting point, a detailed variable temperature experiment can be 
performed. The reason for the study would be to slow the rate of exchange enough to 
bring the carbonyl carbon of the O-protonated species out from the baseline. Another 
future project would involve employing various Lewis acids to complex with either the 
oxygen or the nitrogen, depending on which acid is used. In the present study, a proton 
was used to complex with the parent molecule. Changing the complexing species should 
also change the distortion energy surface. "Soft" Lewis acids such as Cu2+ should require 
little distortion to complex to the nitrogen, while a "harder" Lewis acid such as Na+ 




lH and 13C NMR spectra were acquired at 400 MHz and 100.5 MHz respectively on a 
Varian Mercury spectrometer. The variable-temperature 13C NMR spectra were acquired 
at 125.7 MHz on a Varian Inova 500 MHz spectrometer. Spectra were referenced (ppm) 
against TMS except in the experiments involving protonation with sulfuric acid, where 
trifluoroacetic acid-d (TFA-d) (13C and residual !H) served as the internal standard as 
well as the 13C spectrum in triflic acid (CF3SO3H) where the solvent also served as the 
internal standard. 
UV Spectra 
Ultraviolet spectra were obtained using a Cary 50 Bio (Varian) spectrometer with 1.00 
cm path length quartz cells and the resulting spectra were analyzed using Cary WinUV 
version 3.00(182) software. For l-azabicyclo[3.3.1]nonan-2-one, 0.0014 g was dissolved 
in 10.0 mL of solvent (water or 99.98% sulfuric acid, by volume) and diluted 1:10 in the 
same solvent to produce a 0.00010 M solution. Similarly, 0.0010 g N-methyl-2-
pynolidone (Sigma-Aldrich) was dissolved in 10.0 mL solvent and diluted 1:10 to 
produce a 0.00010 M solution. 
Synthetic Procedures 
3-(3-Piperidyl)propionic acid hydrochloride: In a slight modification of the published 
procedure15ab, ^ran5-3-(3-pyridyl)acrylic acid (Alfa Aesar) (11.2 g, 0.080 mol) in 100 mL 
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glacial acetic acid was hydrogenated over 0.75 g 10% Pd on charcoal in a stainless steel 
bomb with stirring (Pressure Products Industries, Inc.) over the course of 6 days 
maintaining a maximum hydrogen pressure of 600 psi during this period15a'b. The 
resulting solution was filtered through celite three times and the filtrate concentrated to a 
brown syrup on a steam bath/roto-evaporator. The resulting oil was dissolved in absolute 
ethanol (1:15 mol ratio) and 6.0 M hydrochloric acid added until precipitation was 
complete. The white precipitate was filtered; the yield of hydrochloride was 8.0 g (70.7% 
yield overall): mp 219-220 °C; :H NMR (400 MHz, DMSO-d6): 5 1.12 (m, IH); 1.45 (m, 
2H); 1.67 (m, 4H); 2.24 (t, 2H); 2.50 (broad q, IH); 2.70 (broad q, IH); 3.15 (broad d, 
2H); 8.89 (broad s, IH); 9.23 (broad s, IH); 12.15 (s, lH),(Appendix, p. 55); 13C NMR 
(100.5 MHz: (DMSO-d6): 5 22.3; 28.5; 28.8; 31.3; 33.0; 43.8; 48.2; 174.9. (TFA-d): 5 
24.2; 29.6; 30.1; 33.0; 35.7; 48.6; 52.7; 189.5(Appendix, p.56). 
l-Azabicyclo[3.3.1]nonan-2-one15h: 3-(3-piperidyl)propionic acid hydrochloride 354 mg 
(1.85 mmol) and 665 mg (2.67 mmol) di-n-butyltin (IV) oxide in 1200 mL toluene was 
refluxed using a Dean-Stark trap for 16 hours. The solution is concentrated to a yellow oil 
using roto-evaporation. Flash chromatography on silica gel using ethanol:hexanes (4:1) 
furnished the product. ^-NMR (400 MHz, CDC13): 1.36 (m, IH); 1.40 (ddd, IH); 1.51 
(broad d, IH); 1.76-1.82 (m, 2H); 2.26-2.34 (m, 3H); 2.47 (ddd, IH); 2.82 (ddd, IH); 
3.05 (d, IH); 3.32 (dd, IH); 4.12 (ddd, IH) (Appendix, p.57); 13C-NMR (100.5 MHz, 
CDCI3): 20.7; 25.0; 29.8; 30.9; 33.4; 51.6; 52.9; 185.0(Appendix, p.58). [The NMR 
spectra include minor contributions from pump oil: !H-NMR (m, 0.83-0.89 ppm; 1.26 
ppm); 13C-NMR (29.8 ppm)]. 
43 
Protonated l-Azabicyclo[3.3.1]nonan-2-one: l-Azabicyclo[3.3.1]nonan-2-one was 
initially protonated in 99.98 % H2SO4 (Sigma-Aldrich, by volume) or D2SO4 (Acros) 
using CF3CO2D (TFA-d, Acros) as an internal standard. Subsequent studies were 
performed using H2SO4 approximately equimolar to the lactam in TFA-d. ^-NMR (400 
Hz, TFA-d): 1.70-2.00 (m, 5H); 2.50-2.70 (m, 2H); 2.90-3.10 (m, 2H); 3.51 (ddd, IH); 
3.61 (d, IH); 3.80 (broadened d, IH); 4.05 (broadened d, IH) (Appendix, p.59). 13C-
NMR (100.5 MHz, TFA-d): 20.5; 25.5; 27.5; 30.5; 34.5; 56.0; 56.5; 182.5(See 13C-NMR 
#3). Studies were also performed in triflic acid (CF3SO3H, Sigma-Aldrich), (Appendix, p. 
60), as well as in 25%> Magic Acid (i.e. 4:1 fluorosulfuric acid/antimony pentafluoride, 
Sigma-Aldrich) (Appendix, p. 71). 
Variable Temperature 13C NMR Study 
l-Azabicyclo-[3.3.1]-nonan-2-one (3Bc) was protonated using H2SO4, in approximately 
1:1 molar ratio, with TFA-d added as reference and analyzed by 13C NMR at 125 MHz. 
Spectra were collected at 25°C, 0°C, -10°C and -15°C. 13C NMR (500 MHz, TFA-d, 
25°C ) 184.92, 183.75, 57.08, 56.28, 52.91, 48.78, 36.10, 34.20, 33.24, 31.05, 30.60, 
30.43, 26.31, 24.61, 22.25(Appendix, p.62-65 respectively). Curve fitting was done 
according to Reich's WinDNMR program.27 
This 13C NMR study was performed by Morgan and Greenberg32 at -30°C and -40°C 
using a mix of 40% H2SO4/60% CF3CO2H (500 MHz, TFA-d, 25°C, Appendix, p. 66-
67). 
Protonated N-Methyl-2-pyrrolidone: The lactam was dissolved in 99.98% H2SO4 with 
TFA-d added as internal standard. 13C-NMR (TFA-d, ppm): 19.5; 33.1; 34.7; 57.0; 
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180.5(Appendix, p. 69). This may be compared with the neutral lactam: 13C-NMR 
(CDCI3): 16.8; 28.6; 29.8; 48.5; 173.9(Appendix, p. 68). 
UV-Vis Spectroscopy Study (N-Methylpyrrolidone) 
Into a vial, 5 mis of water and 0.0179 g (1.8 mmol) of N-methylpyrrolidinone (5) was 
placed. The concentration was 0.036M, and was run on a UV-Vis spectrometer. The 
same concentration were initially prepared using H2SO4, to make a 20%, 40%», 60%, 80%o 
and 100%o acidic solution (Appendix, p. 74, all solutions are by volume). This method 
was repeated for 100% water and 100% acidic solution with the concentration being 
O.OOOIM (Appendix, p.76). 
UV-Vis Spectroscopy Study (l-Azabicyclo[3.3.1]nonan-2-one) 
Into a vial, 5 mis of water and 0.252g (1.8 mmol) of l-azabicyclo[3.3.1]nonan-2-one 
(3BC) was placed. The concentration was 0.036M, and was run on a UV-Vis 
spectrometer. The same concentration was prepared using H2S04, to make a 20%>, 40%, 
60%), 80% and 100% acidic solution (Appendix, p. 75). This method was repeated for 
100%) water and 100% acidic solution with the concentration being O.OOOIM (Appendix, 
p. 76). 
Computational Methods 
Calculations were performed by Ms. Jessica Morgan, using Spartan 0830 as well 
as the Gaussian 0331 suite of programs. A Monte-Carlo search algorithm was initially 
performed on the N-protonated and O-protonated conjugate acids of 1-
azabicyclo[3.3.1]nonan-2-one at the AMI level of theory. The geometry of each 
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conformer was optimized at the B3LYP/6-31G* level of theory and single-point energy 
determinations were performed for the two lowest-energy N-protonated conformers 
(boat-chair and chair-chair) and the lowest-energy O-protonated conformer (boat-chair) 
at the QCISD(T)/6-31G* level of theory using GAUSSIAN 03. The transition state 
between the boat-chair and chair-chair was located using Spartan 08 at the B3LYP/6-
3 IG* level of theory. It was confirmed as a transition state by having only one imaginary 
vibrational mode and by IRC in Gaussian 03. The imaginary frequency corresponded to 
movement of the flagpole hydrogen on C3 of the boat-chair to the equatorial position of 
the chair-chair. These molecules were also optimized at the B3LYP/6-31G* level using 
the solvent polarization continuum model (SM8) in water. The lowest-energy conformer 
of the neutral lactam (boat-chair) was optimized at the B3LYP/6-31G* level of theory. 
Calculations of 1H- and 13C-NMR spectra were performed using Spartan 08 at the 
B3LYP/6-31G* level of theory for the lactam and its protonated tautomers. 
The two low-energy N-protonated conformers (both pairs of enantiomers) of 1-
azabicyclo[3.3.1]nonan-2-one were initiated as hydrogen-bonded dimers at the AMI 
level. However, due to Coulombic repulsion in the "gas phase" calculation these dimers 
separated during optimization. Reasoning that solvation in water would mitigate this 
repulsion very significantly, the dimer was optimized at the HF/3-21G level of theory 
using the continuum model (SM8) in water. Single-point energy calculations were 
performed upon these structures at the B3LYP/6-31G* level of theory. For purposes of 
comparison, the two N-protonated and single O-protonated conformers of the monomer 
were optimized at the HF/3-21G level of theory and single point energy calculations were 
performed at B3LYP/6-3 IG* using SM8 solvation in water. A similar study was 
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performed for the dimer of N-protonated l-azabicyclo[2.2.2]octan-2-one ("2-
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NOESY of l-Azabicyclo[3.3.1]nonan-2-one in CDC13 
r r r NOES\ f d 1 1 r \t-r ker tcpspin bri=i 
I  ^ _ J^U^W% k M A/Jii 
. Lac urn h">EbY urprotcrated 
1 F2Ippm] 
72 
NOESY of l-Azabicyclo[3.3.1]nonan-2-one in D2S04 
4 5 4 0 3 5 30 28 F2 [ppm] 
73 
UV-Vis Spectra of N-Methyl-2-pyrrolidone: A is in 100% water, B is in 20% H2SO4/ 80% water, 
C is in 40% H2S04/ 60% water, D is in 60% H2SO4/ 40% water, E is in 80% H2S04/ 20% water 
andFisinl00%H2SO4 . 
74 
UV-Vis Spectra of l-Azabicyclo[3.3.1]nonan-2-one: A is in 100% water, B is in 20% H2S04/ 
80% water, C is in 40% H.SO^ 60% water, D is in 60% H2SO4/ 40% water, E is in 80% H2SO4/ 
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75 
A) Ultraviolet spectrum of N-methyl-2-pyrrolidone in water; B) Ultraviolet spectrum of 
l-azabicyclo[3.3.1]nonan-2-one in water; C) Ultraviolet spectrum of N-methyl-2-
pyrrolidone in pure sulfuric acid; and D) Ultraviolet spectrum of 1-
azabicyclo[3.3.1]nonan-2-one in pure sulfuric acid. 
200 3M 400 
Wavstengtfi (nm} 
.MO i 
Waveteoflft (nm) m 







Theoretical Data for all Calculated Structures 
Protonated N-Methyl-2-pyrrolidone, C\ 
B3LYP/6-31 G*//B3LYP/6-3 IG* 






































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 








Sum of electronic and thermal Enthalpies= -326.142506 
Sum of electronic and thermal Free Energies= -326.181721 
Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), Ci 
QCISD(T)/6-31 G*//B3LYP/6-31G* 
Energy = -440.19604000 au 
Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), C 
B3LYP/6-31 G*//B3 LYP/6-31G* 













































































































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 






Sum of electronic and zero-point Energies= -442.8040583 
Sum of electronic and thermal Energies= -442.7947465 
Sum of electronic and thermal Enthalpies= -442.7947465 
Sum of electronic and thermal Free Energies= -442.8369859 
Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), Ci 
B3LYP/6-31G*//B3LYP/6-31G* SM8 solvation/298K 



































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 









Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), C 
B3LYP/6-31G*//HF/3-21G SM8 solvation/298K 



































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 









Protonated l-Azabicyclo[3.3.1]nonan-2-one (Chair/Chair), C 
QCISD(T)/6-31 G*//B3LYP/6-31G* 
Energy = -440.19718 510 au 
Protonated l-Azabicyclo[3.3.1]nonan-2-one (Chair/Chair), Q 
B3LYP/6-31 G*//B3LYP/6-31G* 


































































































NMR shifts (ppm) 










































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 









Protonated l-Azabicyclo[3.3.1]nonan-2-one (Chair/Chair), Ci 
B3LYP/6-31G*//B3LYP/6-31G* SM8 solvation/298K 



































































































Thermal correction to Energy= 
Thermal conection to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 









Protonated l-Azabicyclo[3.3.1]nonan-2-one (Chair/Chair), Ci 
B3LYP/6-31G*//HF/3-21G SM8 solvation/298K 
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Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 










O-Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), C 
QCISD(T)/6-31 G*//B3LYP/6-31G* 
Energy = -440.19393008 au 
O-Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), C 
B3LYP/6-31G*//B3LYP/6-31G* 


































































































NMR shifts (ppm) 









































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 










O-Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), Ci 
B3LYP/6-31G*//B3LYP/6-31G* SM8 solvation/298K 


































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 






Sum of electronic and zero-point Energies= -442.8923283 
Sum of electronic and thermal Energies= -442.8832806 
Sum of electronic and thermal Enthalpies= -442.8832806 
Sum of electronic and thermal Free Energies= -442.9246389 
O-Protonated l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), Ci 
B3LYP/6-31G*//HF/3-21G SM8 solvation/298K 



































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 
Sum of electronic and thermal Free Energies 
l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair), Ci 
B3LYP/6-31G*//B3LYP/6-31G* 










































































C -0.350192 -1.728071 -0.633527 
H -0.205358 -1.474068 -1.690182 
H -0.473653 -2.815763 -0.591898 
C -1.662868 -1.051689 -0.135308 
H -2.470688 -1.153315 -0.862947 
H -1.995008 -1.519916 0.798909 
O -1.960205 1.313576 -0.558796 









































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 







Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 







































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 









Sum of electronic and thermal Free Energies= -325.835918 
Dimer 16, C 
B3LYP/6-31G*//HF/3-21G SM8 solvation/298K 



































































































































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 









Dimer 16, C 
B3LYP/6-31G*//HF3-21G, DFT vacuum, HF SM8 solvation/298 K 


























































































































































































H 0.827573 -3.006189 -1.446950 
O -0.278020 0.925932 -1.273784 
NMR shifts (ppm) 































































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 
Sum of electronic and thermal Free Energies 
Dimer 17, d 
B3LYP/6-31G*//B3LYP/6-31G* SM8 solvation/298K 





































































































































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 








Sum of electronic and thermal Enthalpies= 




B3LYP/6-3 lG*//B3LYP/6-3 IG* 









































































































NMR shifts (ppm) 
100 















































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 










l-Azabicyclo[4.3.1]decan-2-one, N-protonated, Q 















































































































NMR shifts (ppm) 



























































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 
Sum of electronic and thermal Free Energies= 
103 
Theoretical Data for all Calculated Transition State Structures 
l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair) to l-Azabicyclo[3.3.1]nonan-2-one 
(Chair/Chair), CI 
B3LYP/6-31G*//B3LYP/6-31G* no solvation. 



































































































Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 









l-Azabicyclo[3.3.1]nonan-2-one (Boat/Chair) to l-Azabicyclo[3.3.1]nonan-2-one 
(Chair/Chair), Ci 
B3LYP/6-31G*//B3LYP/6-31G* SM8 solvation/298K 
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Thermal correction to Energy= 
Thermal correction to Enthalpy= 
Thermal correction to Gibbs Free Energy= 
Sum of electronic and zero-point Energies= 
Sum of electronic and thermal Energies= 
Sum of electronic and thermal Enthalpies= 
Sum of electronic and thermal Free Energies= 
0.220060505 (Hartree/Particle) 
0.228682786 
0.228682786 
0.187844092 
-442.8941695 
-442.8855472 
-442.8855472 
-442.9263859 
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